Tests of lepton flavour universality in charged-current B decays offer an excellent opportunity to test the Standard Model, and show hints of new physics in analyses performed by the LHCb, Belle and BaBar experiments. These proceedings present the results from the LHCb collaboration on measurements of R(D * ) and R(J/ψ ). It also presents the latest semileptonic tag measurement of R(D) and R(D * ) by the Belle collaboration. The latest HFLAV average shows a discrepancy of 3.1σ between the Standard Model predictions and combined measurements of R(D) and R(D * ).
I. INTRODUCTION
In the Standard Model of particle physics (SM) it is assumed that there are three generations of fermions which are nearly identical copies of one another with the same gauge charge assignments, but different masses. This implies that all leptons couple universally to the gauge bosons, and that the only difference in their interactions is caused by the difference in mass. This is called lepton flavour universality (LFU) and can be tested by measuring ratios of decays, such that the Cabibbo-Kobayashi-Maskawa matrix elements, and the majority of the form factors, cancel in the ratio.
These proceedings focus on the measurements of LFU in charged-current B decays, which are of the form b → c − ν , commonly known as measurements of R(H c ). The ratio R(H c ) is defined as
where H b and H c are a b and c hadron, respectively, and is either an electron or muon. The semitauonic decay is called the signal channel, and the other decay is the normalisation channel. These tree-level processes are theoretically clean and are sensitive to new physics, such as charged Higgs bosons or leptoquarks [1] . Up until the start of 2019, there was a discrepancy of 4σ between the SM predictions and the combined measurements of R(D) and R(D * ). There are two types of experiments that have measured the ratios R(H c ). The first are the B factories BaBar and Belle, which were both located at e + e − colliders running at the Υ (4S) resonance to produce 
II. MEASUREMENTS FROM LHCB
This section presents LHCb's three measurements of LFU in charged-current B decays.
The R(D * ) analysis [2] measure the ratio
In this analysis, the τ − decay is reconstructed as τ − →µ − ν µ ν τ , which means that the signal and normalisation channel both have the same visible final state. This ensures the cancellation of many systematic uncertainties in the ratio, but also makes it hard to distinguish between the two channels. The decay modes are measured using a multidimensional template fit based on the three kinematic variables that discriminate most between signal and normalisation channels. These are the missing mass squared (m 2 miss ), the muon energy (E * µ ) and the squared four-momentum of the lepton pair (q 2 ), all computed in the B-meson rest frame. An approximation of the boost of the B meson is made by assuming that the boost of the visible decay products along the z-axis is equal to that of the
The analysis is performed using the Run 1 data set of LHCb. The results of the fit, in the highest q 2 bin, are shown in Candidates / (75 MeV) of reconstructing the signal and normalisation mode, they yield a value of
The largest contribution to the systematic uncertainty is due to the limited size of the simulation samples used to create the template shapes. The obtained value of R(D * ) is compatible with the SM within 2.1σ.
In the hadronic measurement of R(D * ) [3, 4] the τ − lepton is reconstructed with three charged pions in the final state. Instead of the B 0 → D * + µ − ν µ decay mode, this analysis uses the decay
as a normalisation channel. It then measures the ratio K(D * ), which is defined as:
To convert this value to R(D * ), K(D * ) is multiplied by the ratio of the branching ratios of the
decays, which are taken as external inputs from HFLAV average:
This analysis benefits from the well-defined τ − decay vertex which is downstream from the B decay vertex, and suppresses backgrounds by exploiting this topology. For the signal channel a template fit is performed in three variable: the decay time of the three pions (t τ ), q 2 , and the output of a boosted decision tree (BDT). This BDT is used to suppress backgrounds coming from doubly-charmed
s . Projections of the fits for each of these variables are shown in Fig. 2 . The analysis yields a value of
Recently HFLAV updated the external input of the average of the measurements of B(B 0 → D * − + ν ), which changed from (4.88 ± 0.01 (stat) ± 0.10 (syst))% to (5.08 ± 0.02 (stat) ± 0.12 (syst))%. The change is largely due to the decision to no longer average over the D * + and D * 0 decays, resulting in the exclusion of measurements combining these states. Moreover, the new average includes the latest Belle measurement [5] .
Using the updated HFLAV average, LHCb's measurement of R(D * ) using the hadronic τ − decay yields a value of:
This is in agreement with the SM within 1σ.
The latest measurement from LHCb presented here [6] studies the ratio in a different decay mode, namely
The τ − lepton is reconstructed in the muonic decay mode and also in this analysis the signal and normalisation channel are distinguished in a threedimensional templated fit based on the τ − decay time, m 2 miss , and the variable Z(q 2 , E * µ ), which is a combination of the q 2 and E * µ variables. The same boost approximation is used as in the muonic R(D * ) analysis. Projections of the fit output are shown in Fig. 3 . The analysis yields a value of
where one of the largest systematic uncertainties comes from the limited knowledge on the form factors of the B + c → J/ψ + ν decays. These are currently fit from data but can be significantly improved with new lattice calculations. R(J/ψ ) is compatible with the SM within 2σ.
III. LATEST MEASUREMENT FROM BELLE
The latest measurement of LFU in charged-current B decays of the Belle collaboration [7] simultaneously measures R(D) and R(D * ). It analyses the full Υ (4S) sample recorded by the Belle detector, consisting of 772 × 10 6 BB events. It uses a semileptonic tag, meaning that the other B meson in the event is reconstructed in the semileptonic decay B → D ( * ) ν , where = e, µ. Since the previous R(D * ) analysis with a semileptonic tag [8] , the tagging algorithm has been extended with more reconstruction channels and now uses a BDT resulting in a sample with higher signal purity.
In order to make sure the tag B meson does not decay with a τ − lepton in the final state, a cut on the variable cos θ B,D ( * ) is applied, where cos θ B,D ( * ) is the cosine of the angle between the momentum of the B meson and the D ( * ) combination in the Υ (4S) rest frame. This variable is reconstructed assuming that there is only one massless unreconstructed particle (neutrino) in the decay and it is defined as: 2 of their nominal mass, although this mass window is extended for D mesons with a π 0 in the final state due to the worse resolution for these events. In every event, the two B mesons are required to have opposite flavour to reduce combinatorial backgrounds.
For each of the four samples, a two-dimensional template fit is performed to distinguish signal, normalisation and background yields. The two parameters used to fit in are E ECL and class. The former is the energy deposited in the calorimeter which is not associated with reconstructed particles. This energy, which is restricted to be less than 1.2 GeV, peaks at zero for the signal and normalisation channels, while it has a reasonably flat distribution for the background components, as illustrated in Fig. 4 . The class variable is the output of a BDT based on the visible energy E vis , m 2 miss , and cos θ B,D ( * ) . No further selection is applied to this variable.
The fits are performed simultaneously on the four samples and consists of templates for the following components:
• fake D ( * ) , fixed in the fit Fit projections of the D + − and D 0 − samples are shown in Fig. 6 . The blue signal samples are hardly visible in the plots on the left showing the full classifier region. To illustrate the region associated with signal, also the fit results for the region with class > 0.9 are shown in Fig. 6 (right) . Here, the signal is much more visible, and the contribution of the normalisation channel is reduced. Fig. 7 shows similar plots, but for the D * + − and D * 0 − samples. Finally, R(D ( * ) ) can be calculated using the following expression:
where ε sig(norm) and N sig(norm) are the detection efficiency and fitted yields of the signal and normalisation modes, respectively. B(τ − → − ν ν τ ) is the world average for = e, µ. The efficiencies are taken from simulation samples, which are corrected to resemble the data more closely by applying correction factors. One of the largest corrections is to the lepton identification efficiency, which is corrected separately for electrons and muons. The efficiencies are corrected based on their kinematical dependence using control samples of e + e − → e + e − + − and J/ψ → + − decays.
The analysis measures values of
where the correlation between the statistical uncertainties and between the systematic uncertainties is −0.53 and −0.52, respectively. These are the most precise measurements of R(D) and R(D * ) to date and they are in agreement with the SM within 0.2σ and 1.1σ, respectively. The combined result agrees with the SM prediction within 1.2σ. The largest contributions to the systematic uncertainties come from the limited size of the simulation sample, and the knowledge on the reconstruction efficiency.
IV. CONCLUSIONS
The HFLAV group produced new averages of all measurements of R(D) and R(D * ), including the latest result from Belle and the update of the external input for LHCb's hadronic R(D * ) measurement. The current averages are:
The combination of all measurements of R(D) and R(D * ), which is shown in Fig. 5 , yields a 3.1σ discrepancy with the SM.
Many new measurements of LFU in charged-current B decays in LHCb are on their way. Work is ongoing on updates of the measurements presented in these proceedings, including the extension of the muonic R(D * ) measurement to the combination of R(D)-R(D * ). Additionally, other decay channels are being studied, these measure the ratios R(D + ), R(Λ and hadronic decay mode of the τ − lepton, and, depending on the measurement, use the Run 2 as well as the Run 1 dataset. These measurements will shed new light on the current discrepancy with the SM. Finally, the large datasets that will be collected by the LHCb upgrade [15] and Belle II [16] experiments will allow measurements of LFU in charged-current B decays to be precise enough to confirm LFU breaking if the central values remain the same as the current best-fit values.
Flavor Physics and CP Violation Conference, Victoria BC, 2019 [7] . The plots on the left show the full classifier region, while the plots on the right are the signal region, defined by the selection class > 0.9.
